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Mardinoğlu, A. Lipoic Acid

Conjugated Boron Hybrids Enhance

Wound Healing and Antimicrobial

Processes. Pharmaceutics 2023, 15, 149.

https://doi.org/10.3390/

pharmaceutics15010149

Academic Editor: Ian S. Blagbrough

Received: 29 October 2022

Revised: 14 December 2022

Accepted: 27 December 2022

Published: 31 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceutics

Article

Lipoic Acid Conjugated Boron Hybrids Enhance Wound
Healing and Antimicrobial Processes
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Abstract: Complications of chronic non-healing wounds led to the emergence of nanotechnology-
based therapies to enhance healing, facilitate tissue repair, and prevent wound-related complications
like infections. Here, we design alpha lipoic acid (ALA) conjugated hexagonal boron nitride (hBN)
and boron carbide (B4C) nanoparticles (NPs) to enhance wound healing in human dermal fibrob-
last (HDFa) cell culture and characterize its antimicrobial properties against Staphylococcus aureus
(S. aureus, gram positive) and Escherichia coli (E. coli, gram negative) bacterial strains. ALA molecules
are integrated onto hBN and C4B NPs through esterification procedure, and molecular characteriza-
tions are performed by using transmission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), and UV-vis spectroscopy. Wound healing and antimicrobial properties are
investigated via the use of cell viability assays, scratch test, oxidative stress, and antimicrobial ac-
tivity assays. Based on our analysis, we observe that ALA-conjugated hBN NPs have the highest
wound-healing feature and antimicrobial activity compared to ALA-B4C. On the other hand, hBN,
ALA-B4C, and ALA compounds showed promising regenerative and antimicrobial properties. Also,
we find that ALA conjugation enhances wound healing and antimicrobial potency of hBN and B4C
NPs. We conclude that the ALA-hBN conjugate is a potential candidate to stimulate regeneration
process for injuries.

Keywords: wound healing; antimicrobial effect; nanoparticles; lipoic acid; boron nitride; boron carbide

1. Introduction

Wounds disrupt the integrity of the skin or mucosa by various internal or external
factors [1]. Wound healing is a complex and dynamic processes in the human body; it
replaces devitalized and missing cellular structures and tissue layers. The long process
of wound healing starts from the formation of the wound and can take months or years.
This process can be positive or negative [2]. The critical factor in the healing is to provide
perfusion and oxygen exchange and to feed the scar tissue a sufficient amount [3]. Local or
systemic factors such as age, nutrition, and smoking may also affect the wound-healing
process. Infections are common during wound healing. When the wound is formed, it is
very easy for microorganisms to reach the lower tissues. If the scar tissue is not cleansed of
microorganisms, more cytokines are released and the recovery of simple injuries may take
longer and turn into chronic wounds [4].

Non-healing wounds and skin regeneration represent a huge socio-economic bur-
den and there is an immediate need for innovative approaches for successful wound
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management. The recent developments in nanotechnology enabled scientists to provide
solutions on wound healing and skin regeneration [5]. It has been reported that the use
of nanosystems like growth factor-loaded polymeric networks may accelerate the wound-
healing process due to their unique compatibility of nanosystems with the skin and the
moisture provided [6]. Also, silver (Ag)-based nanosystems were shown to enhance the
wound-healing process and inflectional status in diabetes-related persistent wounds [7].

Numerous studies have been performed on the development and testing of different
compounds to enhance the healing process. Although each molecule accelerates the wound
healing machinery, it was observed that all of these processes comes with a problem to be
solved [8]. It has been reported that boron compounds have beneficial properties for healing
and have great potency in the wound-healing process. Previous studies reported that boric
application improves the deep wound-healing process nearly two-fold compared to other
antiseptic applications [9,10]. Furthermore, boron compounds have been proposed for use
in wound healing due to their other advantageous properties beside regenerative functions.
Pharmacopeia, which is known as boric acid, has been utilized as an antimicrobial agent
and showed promising results in healing infections. On the other hand, side effects of
pharmacopeia in ingestion limits its use in different medical applications [11,12]. Thus, it is
necessary to develop boron compounds that can be used as a regenerative and antimicrobial
compound without the undesired side effects in the treatment of wound healing.

Here, we investigated the wound healing and antibacterial activity of hBN and B4C
nanoparticles conjugated with ALA on the fibroblast cells and bacterial cell cultures. ALA
was chosen to integrate the nanoparticle system because ALA have better properties than
LA like stability in physiological environments and greater tissue absorption [13]. We first
synthesized ALA-conjugated nanoparticles via the esterification reaction and performed
molecular characterizations by using TEM, FTIR, and UV-vis spectroscopy methods. Sec-
ond, we performed MTT cell viability and scratch assays to analyze regenerative properties
of synthesized compounds. Next, we used an antimicrobial activity test to investigate
infection-preventive features of the nanoparticles on S. aureus and E. coli bacterial strains. Fi-
nally, we explored potential regenerative and antiseptic properties of the boron compound
in the wound-healing process.

2. Materials and Methods
2.1. Materials

Alpha- Lipoic Acid (ALA), EDC (CAS No 25952-53-8), DMAP (CAS No 1122-58-3), and
N,N,dimetilasetamide (CAS No 127-19-5) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12), fetal bovine
serum (FBS) and penicillin-streptomycin (5000 U/mL) were purchased from Thermo Fisher
Scientific, Waltham, MA, USA. All other chemicals were purchased from Sigma-Aldrich.

2.2. Conjugations of Alpha Lipoic Acid (ALA) onto hBN and C4B Nanoparticles

A concentration of 0.5 mg/mL of ALA was attached onto the hBN and B4C particles
by the esterification reaction. The reaction was carried out with minor modifications of
our previous work [14]. Briefly, 30 mg of hBN and B4C were mixed with 30 mL HNO3 for
1 h and stirred overnight. The mixture was washed twice with dH2O using centrifugation
(Thermo Fisher Scientific, Waltham, MA, USA). The pellet was dried at room temperature.
Thirty milligrams of N-(3-dimethyl aminopropyl)-N’-ethyl carbodiimide hydrochloride
(EDC) and 20.1 mg 4 (dimethylamino)-pyridine (DMAP) were suspended in 60 mL N,
N-dimethylacetamide (99.8%), then the sample was mixed for 30 min with 30 mg ALA. The
samples were stirred at room temperature overnight. The hBN-ALA and B4C-ALA were
collected by centrifugations. Then the samples were washed twice with dH2O.

2.3. Characterizations of Nanoconjugates

The morphology and particle size of hBN, B4C, hBN-ALA, and C4B-ALA were investi-
gated using transmission electron microscopy (EOL JEM-ARM200CFEG UHR-TEM, Tokyo,
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Japan). Fourier transform infrared spectroscopy (Bruker VERTEX 70v. FTIR) was used to
validate the interaction of hBN and C4B nanoparticles with ALA. Finally, all the samples
were characterized by UV-vis spectroscopy (Epoch™, Biotek, Winooski, VT, USA).

2.4. Human Dermal Fibroblasts (HDFa) Cell Culture and Cell Viability Analysis

Human dermal fibroblast cells (HDFa, ATCC PCS-201-012, Manassas, VI, USA) were
cultured in Dulbecco’s Modified Eagle’s medium (Sigma-Aldrich, DMEM), containing 10%
FBS and 1% penicillin-streptomycin. Cells were kept in a cell culture incubator at 37 ◦C
and 5% CO2 until reaching 80% confluency. Cells were washed twice with 5 mL PBS. Then,
trypsin was added to the Petri dish. Cells were removed by centrifugation at 5000 rpm for
3 min then the pellet was dissolved with fresh DMEM medium.

All cells were counted using a hemocytometer. Cells were seeded into a 48-well
plate as 105 cells in each well. The well-plate was kept in a cell culture incubator for 24 h.
Cytotoxicity was determined by using an MTT reagent with a colorimetric analysis [15].
For this purpose, hBN, hBN-ALA, B4C, B4C-ALA, and ALA compound were prepared
at specific concentrations (1.6–200 µg/mL) and added to the wells separately in triple
replicates. The plate was incubated for 24 h at 37 ◦C and 5% CO2. Then, the medium was
discarded and MTT reagent prepared within PBS was added to each well. The culture
was placed in an incubator at dark for 3 h. Formazan crystals formed by living cells were
dissolved with DMSO. The plate was read at 570 nm using a microplate reader [16].

2.5. Total Antioxidant Capacity (TAS) and Total Oxidant Status (TOS)

Antioxidants reduced total antioxidant capacity (TAS). Total Oxidant Status (TOS)
evaluations were performed according to the manufacturer’s (Rel Assay Diagnostics®,
Gaziantep, Turkey) instructions for all groups on the HDFa cell line. Antioxidants re-
duce ABST to a colorless form. Absorbance evaluations at 660 nm are proportional to
the antioxidant level. In this method, Trolox Equivalent is used as the positive control
group. In summary, the culture supernatant was treated with Reagent 1 (Buffer Solution-
Acetate Buffe) and the first absorbance was read at 660 nm using a microplate reader.
Reagent 2 (Prochromogen Solution-ABTS) was added to the medium and the second ab-
sorbance values were recorded. The evaluation was made following the kit procedure
of the manufacturer. For TOS measurement, the medium was mixed with Reagent 1
(Buffer Solution-H2SO4) and the plate was read using a microplate reader at 530 nm. Then,
Reagent 2 (Substrate Solution-H2SO4, Ferrous ion, O-dianisidine) was added into the
mixture. Absorbance 2 was recorded and values were calculated for all groups.

2.6. Wound Healing Test

In vitro scratch assay was carried out according to a previous report. In summary,
105 cells were seeded into a 6-well plate containing DMEM medium and cultivated
overnight. Cells were washed twice with PBS and a 200 µL sterile tip was scratched.
After washing the cells with DPBS, the detached cells were removed. The cells were treated
with 50 µg/mL of hBN, B4C, hBN-ALA, B4C-ALA, and ALA for 12 h. Morphological
changes and cell migrations were observed using light microscopy at the 12th hour.

2.7. Antimicrobial Activity

S. aureus and E. coli were used to determine the antimicrobial activity of hBN, hBN-
ALA, B4C, B4C-ALA, and ALA. Bacterial strains were grown in Mueller Hinton agar
(MHA) medium at 37 ◦C. Then these samples were suspended in Mueller Hinton broth
(MHB) medium at 37 ◦C at 200 rpm. 0.5 McFarland concentration of these bacterial strains
were added into 6-wellplate including MHB medium and were added with 50 µg/mL
concentrations of hBN, hBN-ALA, B4C, B4C-ALA NPs, and ALA compound. After the
plate was incubated at 37 ◦C for 24 h, the samples were washed twice with PBS. Finally, the
bacterial strains were collected by using trypsin and an OD measurement was performed
at 600 nm.
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3. Results
3.1. Characterizations of Nanoconjugates

Chemical interaction and conjugation of LA to HBN and B4C was shown in Scheme 1.
In the UV-vis spectrum analysis, the max peak of ALA was taken as the baseline to
investigate the conjugation of ALA to the hBN and C4B surfaces. Pure ALA exhibited a
maximum peak at 253 nm when measured in the 200–800 nm range. hBN and C4B samples
did not have a peak in this region; the values for hBN-ALA and C4B-ALA are 274 nm and
278 nm, respectively (Figure 1). TEM images showed that the hBN and B4C nanoparticles
had non-uniform morphology and the average particle size was 100–200 nm. There was
no significant morphological difference in the ALA group-attached hBN and B4C samples,
and the average particle size was 200–250 nm (Figure 2). In addition, FTIR analyses were
performed to confirm bond variety on hBN and B4C nanoparticles with ALA molecules. The
results of the FTIR analysis confirming the conjugation of ALA by the esterification reaction
to the hBN and C4B surface are given in Figure 3. In the sample representing pure ALA, the
O-H bond shows a strong vibration at 1200 cm−1’ and 1400 cm−1, while this stretch band
is at 1194 and 1390 cm−1 for C4B-ALA and hBN-ALA samples, respectively. As a matter
of fact, a research report confirmed that the vibrations of tension bands representing ALA
are at 1250 cm−1 for O-H bond and at 1740 cm−1 for C=O [17]. The vibration frequencies
of 1697 and 1700 cm−1 representing the C=O stretch band belong to the C4B-ALA and
hBN-ALA samples, respectively. In addition, the symmetrical and asymmetrical bonds
of ALA, which were reported as strong vibrations at 2880 and 2920 cm−1 in the studies
carried out, were in the tension band represented as 2900 cm−1 in the hBN-ALA group and
2883 cm−1 in the C4B-ALA samples [18].
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3.2. Human Dermal Fibroblasts (HDFa) Cell Culture and Cell Viability Analysis

Cell viability assay was carried out on HDF cell lines to study the effect of concen-
trations in a wide spectrum range (1.6–200 µg/mL) for hBN, B4C, hBN-ALA, B4C-ALA,
and ALA. It was observed that concentrations of 50 ug/mL and lower concentrations did
not cause any significant toxicity on the HDFa cell line. In addition, lower concentrations
have an increasing effect on viability compared to the control group. Especially when the
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B4C and B4C-ALA groups were compared to the control, we found that ALA attachment
significantly reduced the toxicity of B4C on the HDF cell line. Hence, we observed that
50 µg/mL concentration is a safe dose for performing the scratch test (Figure 4).
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Figure 4. MTT assay in HDF cell cultures for hBN, hBN-ALA, B4C, B4C-ALA, and ALA at 24 h.
Symbol (*) represents statistically significant difference (p ≤ 0.05) compared to the negative control.

3.3. Total Antioxidant Capacity (TAC) and Total Oxidant Status (TOS)

In the TAS and TOS analysis, cell culture supernatants were used to calculate antiox-
idant and oxidative stress parameters for each experimental group. We found that all
of the molecules significantly increased the antioxidant status for the HDFa cell culture
compared to the negative control (non-treated). On the other hand, we found that there
was no significant change in the oxidative status in cell cultures compared to the negative
control (Table 1).

Table 1. Effects of hBN, hBN-ALA, B4C, B4C-ALA, and ALA on TAC and TOS levels in HDFa cell
culture at 24 h. Symbol (*) represents statistically significant difference (p ≤ 0.05) compared to the
negative control.

Groups TAC (mmol Trolox Equiv./L) TOS (µmol H2O2 Equiv./L)

Control 0.081 ± 0.003 1.052 ± 0.002
hBN (50 µg/mL) 0.211 ± 0.006 * 1.052 ± 0.004

hBN-ALA (50 µg/mL) 0.261 ± 0.007 * 1.063 ± 0.008
B4C (50 µg/mL) 0.158 ± 0.031 * 1.032 ± 0.001

B4C-ALA (50 µg/mL) 0.161 ± 0.031 * 0.990 ± 0.006
ALA (50 µg/mL) 0.224 ± 0.055 * 1.019 ± 0.001

3.4. Wound Healing Test

Wound-healing effects of hBN, B4C, hBN-ALA, B4C-ALA, and ALA molecules were
investigated on HDFa cell cultures by performing a scratch test. We found that all of the
experimental groups showed significantly improved healing properties in wound gap
closure when treated with 50 µg/mL of nanoparticles. Also, hBN-ALA nanoparticles
showed the highest wound-healing potency compared to other experimental groups. After
24 h of hBN-ALA nanoparticle application, wound gap was closed by nearly 75%, which
is a very high ratio compared to the negative control with 40% gap closure. Moreover,
we found that ALA conjugation to particles had a significant effect on wound-healing
enhancement when compared with non-ALA-conjugated groups (Figures 5 and 6).
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Figure 5. Effects of 50 ug/mL concentrations of hBN, hBN-ALA, C4B, C4B-ALA, and ALA on
HDF cells culture monitored at 20× magnification under the invert microscope. (A1) hBN at 0 h,
(A2) hBN at 24 h, (B1) hBN-ALA at 0 h, (B2) hBN-ALA at 24 h, (C1) B4C at 0 h, (C2) B4C at 24 h,
(D1) B4C-ALA at 0 h, (D2) B4C-ALA at 24 h, (E1) ALA at 0 h, (E2) ALA at 24 h, (F1) Control at 0 h,
(F2) Control at 24 h.
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Figure 6. The wound gap distance for the all groups after 24 h. Symbol (*) represents statistically
significant difference (p ≤ 0.05) compared to the negative control.
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3.5. Antimicrobial Activity Test

Antimicrobial properties of hBN, B4C, hBN-ALA, B4C-ALA, and ALA nanoparticles
(50 µg/mL) were investigated on E. coli and S. aureus bacterial cultures for 24 h. We found
that all of the candidate compounds exhibit strong antimicrobial properties beside the
ALA molecule. On the other hand, we observed that ALA conjugation enhances even
further antimicrobial properties of B4C and hBN nanoparticles against Gram-positive and
Gram-negative bacterial strains. Moreover, we observed that hBN-ALA nanoparticles have
the highest antimicrobial potential against both of the bacteria species (Figure 7).
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Figure 7. Antimicrobial activity of hBN, hBN-ALA, B4C, B4C-ALA, and ALA nanoparticles on
S. aureus and E. coli bacterial strains for 24 h. Symbol (*) represents statistically significant difference
(p ≤ 0.05) compared to the negative control.

4. Discussion

The wound-healing process involves different machinery elements like proteins, cy-
tokines, and growth factors. If there are abnormalities in the different steps of the process
like disruption in growth factor secretion or gene function related to healing, it leads to
extended immunological responses and chronic wound conditions [19]. Although various
types of treatments have been suggested to accelerate the healing process such as engi-
neered skin transplantation, growth factor application, hyperbaric oxygen therapy and
electrical stimulation, novel chemical formulations are still investigated to aid tissue repair
studies since these medical treatments are expensive, require special facilities to apply, are
not easily accessible, or have low efficiency [20].

There is an indispensable need for safe and effective treatment options. There is
an elevated trend in the use of boron compounds in medicine because of their special
properties like high chemical stability, low toxicity, mechanical strength, and absorption
of UV light. It was shown in different studies that boron compounds especially boric acid
have promising potential in wound-healing therapies, but it has a crucial limitation due
to its short half-life [8,21–23]. Furthermore, hBN and C4B molecules degrade slowly in
physiological conditions and modulate the healing process rapidly without causing unde-
sired toxicological outcomes. These properties make hBN and C4B compounds promising
candidates for wound-healing studies [24].

In this study, an ALA molecule was attached onto hBN and C4B nanoparticles through
the use of esterification reaction. Integration of ALA into boron compounds was confirmed
by using UV-visible spectrum and FTIR analyses. Specific peak arrangement of FTIR
analyses showed that ALA groups can be seen at 1371 and 1180 cm−1 for hBN-ALA and
B4C-ALA, respectively. These results were in agreement with the literature data [17].
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Based on cytotoxicity analyses, we found that hBN-ALA and B4C-ALA nanoparticles
exhibit low-level toxicity on the fibroblast cell line and there was no cell viability differ-
ence under 50 µg/mL concentrations of hBN-ALA and B4C-ALA applications compared
to the negative control. Previous studies have also shown that hBN and B4C nanoparti-
cles do not elevate cytotoxicity in different types of cell culture under certain treatment
concentrations [14,15,25–29]. Besides, antioxidant treatments have been shown to exhibit
accelerating features that have been previously used in wound-healing treatment stud-
ies [30–33]. hBN-ALA and B4C-ALA conjugates were shown to have antioxidant effects in
the HDFa cell cultures and antioxidant features of these compounds promoted the healing
process. Also, previous studies confirmed our results that BN and B4C molecules exhibit
strong antioxidant properties in different physiological conditions [34–37].

In addition, we investigated the wound-healing properties of hBN, B4C, hBN-ALA,
B4C-ALA, and ALA nanoparticles by using a scratch test on HDFa cell line. We observed
that hBN-ALA and B4C-ALA conjugates showed superior healing features compared to
hBN, B4C, and ALA molecules. We also observed that the ALA conjugation synergically
enhances regenerative properties of hBN and B4C compounds. Previous studies investi-
gated into whether boron-based compounds enhance the wound-healing process through
different cellular machinery such as increasing protein, collagen, and proteoglycan syn-
thesis; modulating immune response; and enhancing growth factors [38–42]. Besides, we
analyzed effective antimicrobial properties of hBN-ALA and B4C-ALA conjugates against
E. coli and S. aureus bacterial cultures. We found that hBN-ALA and B4C-ALA nanoparticles
are effective antimicrobials against both Gram-negative and Gram-positive bacterial strains.
It was also shown in previous studies that boron compounds have a wide spectrum of
antimicrobial features against bacteria, yeast, and fungus species. Especially, boric acid and
sodium borate were shown to be effective against S. aureus, K. pneumoniae, C. albicans, and
A. niger microorganisms [43–46]. Previous studies related to boron-based wound healing
approaches mainly focused on boric acid and borax applications [8,40,47,48]. This project
is the first study that investigates wound healing and antimicrobial properties of modified
hBN and B4C nanoparticles in a comprehensive manner.

5. Conclusions

There is an immediate need to discover alternative treatments for chronic wound heal-
ing. Advanced applications like growth factor treatments or engineered tissue transplanta-
tion require costly equipment, time, and special facilities to apply these treatments. Thus,
the discovery of novel compounds that are capable of regeneration to directly treat wounds
is crucial. Here, we investigated the wound-healing potential of hBN-ALA and B4C-ALA
nanoparticles. We showed that both compounds have good regenerative properties on the
HDFa cell culture, promising antimicrobial features against E. coli and S. aureus bacterial
strains, and favorable antioxidant properties that may contribute to the wound-healing
process. Finally, we observed that ALA molecule integration enhances significantly both
regenerative and antimicrobial properties of hBN and B4C nanoparticles. In conclusion,
our results indicated that hBN-ALA and B4C-ALA conjugates are promising candidates
as wound-healing and antimicrobial agents in chronic wound treatment. Also, animal
wound healing models should be used to understand comprehensive wound-healing
properties of hBN-ALA and B4C-ALA nanoparticles. On the other hand, in vitro scratch
assay is a fast and reliable test to analyze the regenerative properties of nanoparticles in an
effective manner.
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